Neuropsychiatric disorders vary substantially in age of onset but are best understood within the context of neurodevelopment. Here, we review opportunities for intervention at critical points in developmental trajectories. We begin by discussing potential opportunities to prevent neuropsychiatric disorders. Once symptoms begin to emerge, a number of interventions have been studied either before a diagnosis can be made or shortly after diagnosis. Although some of these interventions are helpful, few are based upon an understanding of pathophysiology, and most ameliorate rather than resolve symptoms. As such, in the next portion of the review, we turn our discussion to genetic syndromes that are rare phenocopies of common diagnoses such as autism spectrum disorder or schizophrenia. Cellular or animal models of these syndromes point to specific regulatory or signaling pathways. As examples, findings from the mouse models of Fragile X and Rett syndromes point to potential treatments now being tested in randomized clinical trials. Paralleling oncology, we can hope that our treatments will move from nonspecific, like chemotherapies thrown at a wide range of tumor types, to specific, like the protein kinase inhibitors that target molecularly defined tumors. Some of these targeted treatments later show benefit for a broader, yet specific, array of cancers. We can hope that medications developed within rare neurodevelopmental syndromes will similarly help subgroups of patients with disruptions in overlapping signaling pathways. The insights gleaned from treatment development in rare phenocopy syndromes may also teach us how to test treatments based upon emerging common genetic or environmental risk factors.
INTRODUCTION
Although neuropsychiatric disorders vary substantially in age of onset, ranging from toddlers with autism spectrum disorder to young adults with schizophrenia, it is increasingly apparent that these disorders are best understood within the broader context of neurodevelopment. Some disorders may be best described as manifestations of symptoms arising during the earliest points in development; others represent emerging deficits relative to typically developing peers over time; and still others present as rapid onset of new behavioral symptoms after a period of apparently intact development. Increasing data suggest that disorders traditionally categorized and described during adulthood, such as schizophrenia (see Schmidt and Mirnics, 2015, this issue) , are associated with early vulnerabilities and deficits during childhood and adolescence.
Recognizing the developmental context of neuropsychiatric disorders allows a movement toward more powerful treatment and prevention efforts. In theory, the earlier an intervention can be effectively deployed, the greater the long-term impact. The classic model, as shown in Figure 1 , is that these disorders diverge gradually from health over time, such that intervention at earlier points may yield more powerful and long-lasting impact over the lifespan. This view posits that illness represents the outcome of a cascading process, as may be true for a child with behavioral inhibition at 3 years old who develops social phobia at 9 and depression at 20 (Beesdo et al, 2007; Lahat et al, 2014; Pine et al, 1998) . As reviewed by Henderson et al, 2015 , this issue, intervention with a subset of children with behavioral inhibition may improve symptoms at 3 and also prevent the amplification of illness across adolescence and young adulthood, thereby profoundly altering a child's life course.
One risk of beginning interventions during earlier developmental windows may be that adverse events related to treatment may also cascade over time. At the simplest level, early weight gain from atypical antipsychotic drugs may fundamentally change a child's body habitus and risk of metabolic disorders for a lifetime (Maayan and Correll, 2011) . As reviewed in this issue by Suri et al (2015) , early exposure to psychotropic medications in animals can lead to long-term changes in behavior that extend well beyond the usual timeframe of treatment studies. We have a limited understanding of how these observations may extend to humans, but medication responses in children do clearly differ from adult responses. As one example, child psychiatrists sometimes use the term 'activation' to describe transient symptoms that resemble mania in children prescribed antidepressants (Goldsmith et al, 2011; King et al, 2009) . It remains unclear whether this drug response is predictive or may even serve to kindle risk of later bipolar illness (Goldsmith et al, 2011) .
The first section of our review will discuss the appealing opportunities for treatment at critical points in development, highlighting the current evidence for interventions as well as areas that are ripe for further progress. Although some of these treatments are clearly helpful, few are based upon an understanding of pathophysiology and most ameliorate rather than resolve symptoms. As such, the second section will turn to examples of specific genetically mediated neurodevelopmental disorders where model systems suggest treatments that could be transformative. Discussion of these targeted interventions will bridge to the third section, which will focus on challenges to understanding and deploying interventions in the context of neurodevelopment.
ARE BEHAVIORAL DISORDERS, SIMILAR TO CANCERS, MORE TREATABLE IF YOU CATCH THEM EARLY?
The Possibility of Prevention Ideally, interventions would be applied based upon the earliest deviation from mental health, so that later impairment never manifests and symptoms never become a 'disorder.' Such preventive treatments could even be applied based not upon symptoms themselves but upon apparent risk factors that predict later symptoms. This hope of early actionable concerns has led investigators to push prevention research toward earlier and earlier points of development. In schizophrenia research, children or adolescents are treated at the point when familial risk and early symptoms converge (Miklowitz et al, 2014) . In ASD research, high-risk populations such as younger siblings are tracked during infancy to identify the first warning signs of atypical trajectory that may in turn be treated incrementally from low-to high-intensity approaches as the specific trajectory and response of the child becomes clearer (Green et al, 2013) . Before reasonably applying such treatments, we need to better understand the longitudinal time course of initial symptoms that predict onset of a disorder. As discussed below, we are closer in some areas than in others, and, unfortunately, in many circumstances, our work on early detection exceeds our capacity for treatment of these early concerns.
When evaluating prevention strategies, there are three main approaches. Primary prevention is applied across a population to prevent a risk factor from occurring in the first place. Secondary prevention is targeted at the point between occurrence of a risk factor and manifestation of symptoms that merit a diagnosis. Tertiary prevention is applied after symptoms have begun in order to ameliorate the severity of a disorder. This last form of 'prevention' blurs into early treatments that are applied at initial diagnosis. We will therefore include this strategy in our discussion of interventions below.
Primary prevention strategies are typically applied from a public health perspective, not on an individual level. With respect to neurodevelopmental disorders that include prominent cognitive symptoms such as ASD or schizophrenia, emerging data suggest that primary prevention should focus most logically on pregnancy, when the blueprint for the brain is laid out. Several examples of prenatal prevention strategies have emerged; although it is not always possible to know the full impact of populationlevel interventions. Despite societal concerns about vaccines (not supported by scientific evidence (Taylor et al, 2014) ), the Measles-Mumps-Rubella vaccine has likely prevented many cases of ASD, since in utero exposure to rubella during the late first trimester is a robust risk factor for ASD (Chess, 1971) . Similarly, the recommendation for pregnant women to not change cat litter has likely decreased risk by avoiding exposure to Toxoplasma gondii, a parasite that is a risk factor for both schizophrenia and suicidality (Pedersen et al, 2011 (Pedersen et al, , 2012 . Recent data suggest that prenatal folate supplementation may serve to decrease risk of ASD, suggesting that widespread supplementation in the past
Developmental impact of intervention:
Prevention of cascading effects Figure 1 . Neuropsychiatric disorders sometimes diverge gradually from health over time, such that intervention at earlier points may yield more powerful and long-lasting impact over the lifespan. In this model, eventual impairment is the result of cascading effects across development, as initial deficits prevent acquisition of skills later in development. Intervention early in the course of development may halt these cascading effects and thereby prevent the amplification of initial deficits.
few decades may have prevented some cases of ASD (Suren et al, 2013) . As reviewed by Ross et al, 2015 , this issue, in utero exposures to either drugs of abuse or certain prescription medications confer risk of cognitive and behavioral problems. Such prevention strategies to date are most appropriately understood from a risk perspective with very limited understanding of how this reduced risk translates into actual prevention of the neurodevelopmental disorders either on an individual or group level.
Fewer data point to straightforward primary prevention strategies that can be applied after birth. Initial brain wiring is very vulnerable to environmental exposures and is dependent upon the support of the placenta and the protective environment of the uterus. Later brain development may be less vulnerable to chemical, infectious, or immune exposures but is dependent upon experience, and either inadequate or damaging environments confer substantial long-term risk. Neglected children from Romanian orphanages manifest symptoms that are similar in some ways to autism spectrum disorder (Rutter et al, 1999) . Much sociological work has focused on the long-term impact of 'toxic stress' in childhood (Shonkoff et al, 2012) . Decreasing stress levels for families of young children, as well as preventing abuse and neglect, could have a huge impact on promoting later mental health. These goals, however, step into a political arena that often does not view them from a public health perspective.
Secondary prevention strategies depend upon knowing not just what factors confer a substantial risk of a neuropsychiatric disorder, but also how to prevent that risk from being realized. If the risk factor is less strong or the prevention strategy is less potent, then the number needed to treat to prevent one occurrence of the disorder will be too high to reasonably study. The classic example of secondary prevention of neurodevelopmental disorders is phenylketonuria (PKU), a genetic absence of phenylalanine hydroxylase, which universally causes intellectual disability, seizures, and frequently autism spectrum disorder in children fed a typical diet. Newborn screening for PKU is now universal in the United States and can identify PKU within the first few weeks of life, before neurodevelopmental symptoms are present. If an infant is found to have PKU, then a phenylalanine-free diet is implemented and often prevents lifelong disability. The number needed to treat in order to prevent disability in PKU is 1, as it universally leads to disability without intervention and the diet rescues most impairment in every child. This not only makes the intervention worthwhile, but it makes it easy to study, not even requiring a placebo-controlled trial. Further, developmental delay in PKU is evident before 2 years of age, allowing a much shorter duration of study than for most behavioral or cognitive impairments (Camp et al, 2014) .
In contrast, if a risk factor only contributes a 10% increase in risk, as has been true for most common genetic variants identified in schizophrenia (Wright, 2014) , then it becomes very difficult to demonstrate successful secondary prevention. Schizophrenia has a prevalence rate around 1.0%, so people with the risk factor would have a risk of schizophrenia of 1.1%. Even if we had a perfect preventative measure specific to that risk factor, we might need to treat 1000 people with the risk factor to prevent one case of schizophrenia. Studying such a preventative strategy is clearly impractical using conventional controlled research designs. Furthermore, the follow-up time for such a prevention trial may need to be decades in order to capture schizophrenia onset. Drawing a parallel with neurodegenerative disorders, the risk of Alzheimer's disease (AD) is increased threefold by the common APOE e4 risk allele, but it is very difficult to power and conduct a trial to assess prevention using medications that have been shown to be effective in slowing the rate of decline in AD. In contrast, secondary prevention studies in individuals with rare, highly penetrant risk genes for early onset AD, such as Presenilin-1 disruptions, are underway with sample sizes of only a few hundred people (Miller, 2012) . Secondary prevention strategies in neuropsychiatry may therefore be limited, at least in the near-term, to individuals with very robust risk factors such as simple genetic disorders with high penetrance for neurodevelopmental symptoms (RR 10-100, see the discussion of Fragile X syndrome (FXS) below), those having an affected first-degree relative (RR 10-20 in the case of ASD or schizophrenia), or those having a severe medical risk factor, such as extreme preterm birth with very low birthweight (RR B10). Over time, we can hope that genegene or gene-environment interactions may be identified that will allow composite predictions of risk that approach the power of these individual risk factors, but that remains theoretical at this point (Iyegbe et al, 2014) .
One robust risk factor for neuropsychiatric disorders is early neglect or abuse. Currently, in the United States, this neglect typically happens when a child is in the custody of a biological or foster family that is unable to provide adequate care. In other areas of the world, orphaned children may be placed instead into an orphanage setting, with various levels of contact with caregivers. As reviewed in detail by Humphreys and Zeanah (2015) , this issue, a randomized study in Romania demonstrated that foster care leads to significantly better outcomes than remaining in the institutional setting (Nelson et al, 2007) . For ethical and political reasons, similar studies are not available to assess the point at which it is better for a child to be placed in state foster care vs remaining with a biological family that is struggling to provide appropriate care. Further research is needed to better understand the impact of secondary prevention measures in the context of early parenting failure.
The Earlier the Better? Risk vs Impairment when Contemplating Intervention
Intervention strategies being pursued for early signs of schizophrenia, autism spectrum disorder, and mood disorders are very similar to tertiary prevention, with the goal to catch the very earliest symptoms and intervene before impairment is severe. The firmly held belief in the pediatric mental health community is that the earlier an intervention is started, the better the outcome is likely to be. This is a logical belief and matches the strong desire to help vulnerable children; although more work needs to be done to test the specific interventions and timing across different neuropsychiatric disorders.
The best examples of interventions that target symptoms pre-diagnosis are in high-risk youth presenting with initial symptoms in the months to years before meeting full criteria for schizophrenia or bipolar disorder. Investigators have used various strategies to enrich populations for risk of progressing to these diagnoses. Most studies have recruited adolescents at the point when they are first manifesting perceptual, mood, cognitive, or negative symptoms but do not yet meet severity or duration criteria for a diagnosis. Although this group is at much heightened risk, the majority do not go on to receive a diagnosis within 2 years. Some promising data have emerged for the use of cognitivebehavioral therapy, family therapy, atypical antipsychotic medications, and omega 3 fatty acids to prevent progression to schizophrenia, but these initial findings are quite mixed and await replication (Marshall and Rathbone, 2011; Miklowitz et al, 2014) . One concerning finding is that while some could potentially be protected from progressing to a psychotic disorder, all of those who are treated are exposed to side effects of medications, most notably weight gain because of atypical antipsychotic medications including risperidone and olanzapine (Marshall and Rathbone, 2011) . This is an area where clear data on the number needed to treat to prevent symptom progression will be very important for evaluating the cost vs benefit for vulnerable children.
The most promising example of early treatment having an impact on disease course is in autism spectrum disorder, where early, intensive behavioral intervention (EIBI) shows significant evidence for improving cognitive and early functional outcomes when applied in toddlers and preschool children with ASD. A number of variations of EIBI have been described, but all harness basic behavioral principles and administer intensive intervention programs (ie, 415 h per week) over substantial intervals of time (ie, 1-2 years). Typical improvements in intervention groups appear to be about 1 SD in IQ (15 points), with smaller but still significant improvements in adaptive behavior in most studies (Warren et al, 2011a) . These studies have not been designed to assess whether the age of starting the intervention predicts outcome, but limited indirect data support this idea. The most notable comprehensive early intensive behavioral intervention study took children diagnosed with ASD before 24 months of age and observed an improvement in outcomes at 4 years, but few children moved off of the autism spectrum (Dawson et al, 2010) . Even in this case, though, intervention was initiated after the child was impaired enough to receive an ASD diagnosis. From this perspective, intervention for many neuropsychiatric disorders does not yet often represent prevention of the disorder; although it may prevent many of the known secondary impairments associated with the disorder (eg, intellectual disability and language function in the case of ASD). Adult outcome studies are limited, but the available data suggest that early response to treatment, particularly treatment before 3 years of age, is associated with optimal cognitive functioning in adulthood (Anderson et al, 2014) .
Pushing interventions to the age of first actionable concerns requires a clearer longitudinal picture of disorder onset within the context of numerous and varied developmental trajectories. In the case of ASD, younger siblings of affected children have a risk between 8 and 17% of developing the disorder themselves (Ozonoff et al, 2011) . Multiple research groups have followed these 'baby siblings' over time to probe for early symptoms that may predict later diagnosis. To date, the observed early deficits, such as delayed postural control at 6-9 months or decreased eye gaze to social stimuli at 12 months, show limited predictive ability in this high-risk design. Recent data suggest that it is the trajectory of social development that indicates emerging symptoms, rather than deficits at a specific time point (Jones and Klin, 2013) . This matches neuroimaging data that point to an altered trajectory of brain connectivity that is only evident longitudinally (Wolff et al, 2012) . The cost of early intensive intervention combined with significant resource limitations make it daunting to recruit 6-to 10-fold greater sample sizes to evaluate secondary prevention approaches of comprehensive interventions in baby sibling samples. Perhaps, though, we are ready for tertiary prevention studies that target 9-or 12-month-old baby siblings who show early symptoms of social decrements or repetitive behavior. The high recurrence of other impairing communication and behavioral disorders beyond ASD (Messinger et al, 2013; Ozonoff et al, 2014) in this population may also suggest treatment approaches that begin by targeting broad risk and step up their intensity for those children who fail to follow a typical developmental trajectory, as has been piloted in studies with sequential, multiple assignment, randomized trial (SMART) designs (Kasari et al, 2014) . Ultimately, moving beyond this highrisk group is more challenging as social and language development is quite variable in toddlers, making it difficult to differentiate between low-risk children who are delayed but will catch up on their own versus children who are showing symptoms that will develop into later functional impairments.
The Potential for Arresting Cascades of Emerging Symptoms Across Neurodevelopment
Some early developmental differences may serve as pivotal areas of vulnerability that subsequently result in later impairment. For example, a 9-month-old boy may display an exceptional preference for certain specific objects relative to developmentally typical interest in social stimuli, resulting in a less socially rich environment over time. Consequently, he may be less likely to attend to speech or coordinate his attention with others, and therefore be slower to develop later skills, including speech. In this example, early deficits in social attention shift the environmental inputs needed for optimal neurodevelopment and social learning. Early neurodevelopmental symptoms may compound over time by affecting pivotal learning processes and the complex, transactional interplay between the boy and his caregiver. In turn, an intervention targeted to these early deficits could impact not just his specific social communication and attention deficits but also his ability to acquire many other skills normally absorbed in the context of social interaction over time. Again this theoretical approach is quite appealing, but to date the intervention literature has yet to specifically pinpoint these early pivotal skills and demonstrate that measured changes in these specific areas mediate the posited neurodevelopmental cascade, as shown in Figure 1 .
A few intervention approaches may be particularly promising for cascading benefits. One example may be interventions at the level of the family, who may then be able to better care for a child over the course of his or her development. Miklowitz et al (2013) describe more rapid recovery from mood symptoms and more weeks without mood symptoms in children at familial risk of bipolar disorder randomized to family-focused psychotherapy in comparison with a control group. Early treatment approaches in ASD often include parent training that promotes use of new skills in the home setting. Although training parents is more cost effective than using only clinician-administered treatment, findings using parentbased interventions have been mixed thus far in ASD intervention (Rogers et al, 2012) .
Individual or group psychotherapy approaches could also lead to cascading benefit by promoting those behaviors or thoughts that foster mental health. For example, helping children focus on feelings of pleasure or accomplishment could become self-reinforcing over time. Garber et al (2009) conducted a large randomized trial of group cognitivebehavioral therapy in adolescents who had a parent with a past or current diagnosis of depression. These adolescents, who themselves had past diagnoses of depression or current sub-threshold depression symptoms, showed a lower rate of depression diagnosis in the 3 years subsequent to intervention (Beardslee et al, 2013) , but this benefit was not seen if a parent was depressed at the point of study entry. Other psychotherapy approaches, such as attention bias modification treatment, described in this issue by Henderson et al (2015) , explicitly target a child's focus on stimuli in their environment in real time (Shechner et al, 2014) .
If interventions early in the disease course do indeed arrest neurodevelopmental cascades that lead to worsening impairment over time, then even relatively intensive treatments may be cost effective when viewed across the lifespan. Again, this is most stark with the most severe disorders. In the case of ASD, estimates place the lifetime cost of caring for a single individual at two to three million dollars (Ganz, 2007; Knapp et al, 2009) . EIBIs for ASD frequently require 15 þ hours of therapy each week and may be delivered for several years, but the yield of an average IQ improvement of 15 points may still provide a tremendous return on investment on an individual, family and system level. In other conditions, such as childhood cancer or birth complications, we spare no expense to improve length or quality of life. In contrast, insurance companies have resisted covering expensive behavioral interventions, with family advocacy and legislation often being necessary to force coverage. A longitudinal perspective suggests that intervention early in the disease course may be the most cost-effective approach for most neurodevelopmental and mental health diagnoses (Motiwala et al, 2006) ; although firm data on cost-effectiveness remain sparse.
TARGETED TREATMENT AS THE NEXT STEP FOR TREATMENTS DURING DEVELOPMENT

Common Risk Factors May Point to Neurobiological Systems for Further Study
Most medication treatments for neuropsychiatric disorders were discovered by happenstance coupled with careful clinical observation, rather than emerging from an understanding of pathophysiology. With respect to typically categorized childhood-onset disorders, the stimulant medication benzedrine was first found to benefit attention and school performance when given to children in the 1930s to attempt to alleviate headaches after lumbar puncture (Bradley, 1937; Strohl, 2011) . The first medications in most major psychotropic classes were similarly discovered after being developed or used for another purpose, including lithium (gout), chlorpromazine (antihistamine), and monoamine oxidase inhibitors (anti-tuberculosis) (Lopez-Munoz and Alamo, 2009; Shen, 1999) . The mechanism of action for these medications was often discovered well after their therapeutic efficacy was described, and, in most cases, we still do not fully understand the mechanisms of action.
Environmental and genetic risk factors have been identified for many neurodevelopmental disorders, leading us closer to an understanding of pathophysiology. Most of these factors, however, contribute a relatively modest amount of risk. For example, epidemiological studies suggest that cannabis use during adolescence is associated with an approximately two-to three-fold increase in later diagnosis of schizophrenia, with earlier exposure associated with greater risk (Casadio et al, 2011) ; although the mechanism is unclear. This may be an important component of risk, but you would expect only a very small number of marijuana users to develop schizophrenia. Within that number, you may expect to see a necessary convergence with other risk factors, including genetic variants (Caspi et al, 2005) . On the genetic front, the strongest common polymorphism finding in a recent large meta-analysis of whole-genome association data in schizophrenia had an odds ratio of 1.2 (Ripke et al, 2013) , suggesting that many different polymorphisms-and likely environmental risk factors as well-would have to converge to lead to substantial risk.
On the positive side, it is possible that a common risk factor with relatively small effect size could correspond to a neurotransmitter or signaling pathway that could generate a novel, high-impact treatment. As a hopeful example, a recent meta-analysis of genome-wide association data found that the polymorphisms near the preproinsulin precursor gene INS have an odds ratio of o1.1 in type 2 diabetes (Saxena et al, 2012) . Despite this small impact on risk, the downstream gene product, insulin, remains the definitive treatment for many people with diabetes. A parallel example may be the modest but statistically significant association of the dopamine receptor D2 gene DRD2 with schizophrenia (Wright, 2014) . Even while we wish for better treatments, medications that target the D2 receptor remain our most powerful option in schizophrenia (Masri et al, 2008) .
Unlike targeted treatment development, however, insulin and antipsychotic medications were first identified as treatments and later supported by the identification of genetic risk loci. It may be more challenging to work forward to new treatments from genetic variants that make small contributions to risk. Animal models of such risk factors would not be expected to show behavioral phenotypes that precisely parallel the human condition. We could hope, however, that studying the implicated systems could lead to insights into the underlying neurobiology, even if an animal model does not directly mimic the disorder itself. As one example, human genetic studies implicate variation in the serotonin transporter gene promoter in susceptibility to depression in the face of childhood maltreatment (Karg et al, 2011) . Humans lacking the serotonin transporter entirely have not been identified, but the serotonin transporter knockout mouse has taught us much about the importance of serotonin clearance across development (Murphy and Lesch, 2008) , which we can hope would point to new mechanisms for treatment.
Rare, Simple Genetic Phenocopies Could Reveal New Treatment Pathways
Individuals with relatively simple genetic syndromes are frequently found within large, heterogeneous groups of people with neuropsychiatric diagnoses such as schizophrenia or ASD. These rare syndromes often show up across multiple diagnostic categories, suggesting risk of neurobehavioral impairment that is modified by other developmental, environmental, or genetic factors. For example, deletion of chromosome 22q11.2 results in velocardiofacial syndrome (VCFS), which is associated with diagnosis of intellectual disability, ADHD, and ASD in childhood (Hooper et al, 2013) , mood disorders in adolescence (Jolin et al, 2012) , and psychosis in adulthood (Green et al, 2009) . As an even rarer example, a balanced translocation in one family identified disruption of the DISC1 gene as a highly penetrant risk factor for schizophrenia and mood disorders (Millar et al, 2000) .
Most data point to common genetic and environmental risk factors as contributing risk in the majority of people with a given neurodevelopmental disorder, so why should we focus on rare phenocopy syndromes? Unlike common gene variants that frequently result from relatively subtle changes in gene expression, rare genetic phenocopy syndromes typically result from a complete disruption (or duplication) of a gene or chromosomal region, either on one or both chromosomes. Such a disruption can be easily modeled in cellular and animal models. Further, such models can be expected to yield neurobiological insights when the rare phenocopy shows an odds ratio of 30-60 for a behavioral phenotype, in contrast to the typical common risk factor yielding an odds ratio of 1.1-2. With the emergence of new genome-editing technology, models of gene disruption can be produced in a few weeks or months (Burgess, 2013) . Mouse models of some of these relatively simple genetic syndromes, including both VCFS and DISC1 disruption, are beginning to yield an understanding of the neurobiology of these rare phenocopies of neurodevelopmental disorders. Although these syndromes are individually rare, they collectively represent a substantial minority of cases, and their relative simplicity may provide a clearer path to developing treatments that may benefit a larger group of individuals who share both neuropsychiatric symptoms and underlying perturbations in neurodevelopment. FXS is the rare neurodevelopmental phenocopy syndrome that has progressed the furthest toward an understanding of pathophysiology. FXS is an X-linked recessive disorder that is the most common inherited cause of both intellectual disability and ASD, accounting for approximately 1-2% of affected individuals (Hagerman et al, 2009; Loesch et al, 2007 ). An expanding trinucleotide repeat in the 5 0 untranslated region of the FMR1 gene causes FXS (Kremer et al, 1991) . Genetic testing for FXS is now recommended for all children with intellectual disability or ASD. Children with FXS frequently show hyperactivity, anxiety, sensory sensitivity, and avoidance of eye contact (Hagerman et al, 2009) . Approximately 30-60% of individuals with FXS meet criteria for ASD; although patterns of symptoms differ from the general ASD population (Hall et al, 2010; Harris et al, 2008) .
Much progress has been made in understanding the molecular changes that connect loss of FMR1 expression to observed cognitive and behavioral symptoms (Heulens and Kooy, 2011) . Mice lacking Fmr1 actually show fairly subtle behavioral deficits, including mild hyperactivity, subtle learning deficits, and decreased initial exploration of a novel animal. In contrast, their neuropathology closely parallels human FXS, with increased numbers and length of dendritic spines, corresponding to an immature appearance. As one explanation for failure to form mature synapses, Huber et al (2002) first identified changes in long-term depression, a form of synaptic plasticity, in Fmr1 knockout mice. These studies led Bear et al (2004) to propose the 'mGluR theory' of FXS. They posited that, in the absence of the Fragile X protein, which binds to the mRNA of multiple post-synaptic proteins, group 1 mGluR stimulation results in excessive trafficking of AMPA receptors out of the recirculating pool and enhanced long-term depression. They tested this hypothesis in Fmr1 knockout mice by reducing by half the normal expression of mGlu5 receptor (Dolen et al, 2007) , demonstrating a rescue of protein synthesis, dendritic spine, and behavioral phenotypes. A number of studies have now reported rescue of multiple phenotypes in Fmr1 knockout animals with mGlu5 receptor-negative allosteric modulator drugs with different selectivity at various points in development and with a range of treatment duration (Michalon et al, 2012) . Although the mGlu5 theory of FXS has the most support from genetic and pharmacological rescue studies in mice, a number of other potential treatments have also been proposed, including GABA receptor agonists, minocycline, and lithium (Bagni and Oostra, 2013; Gross et al, 2012; Henderson et al, 2012; King and Jope, 2013) . With multiple pharmacological approaches rescuing some brain or behavioral phenotypes in Fmr1 knockout animals, the overall data suggest either multiple pathways toward treatment or a lack of specificity to some of these rescued phenotypes. Testing these various potential treatments in humans may help us understand the indications that an approach will-or will not-translate across species.
A similar story of potential treatment is emerging in Rett syndrome, where X-linked dominant loss of MECP2 gene function leads to regression in cognitive development, speech, and motor function, typically in the second year of life (Amir et al, 1999) . Motor function continues to worsen through the second decade of life, when breathing abnormalities emerge and are the most common cause of death. The encoded protein, methyl CpG binding protein 2, regulates expression of multiple genes, including BDNF, encoding brain-derived neurotrophic factor. Returning Mecp2 gene function in adulthood rescues synaptic function as well as motor decline and premature death observed in the mouse model of Rett syndrome, suggesting that treatment may be possible even after the period of initial regression (Cobb et al, 2010) .
In addition to multiple experiments showing rescue with Mecp2 itself, overexpression of the BDNF gene leads to improvements in synaptic function and motor impairment, as well as prolonged survival in Mecp2 knockout animals (Chang et al, 2006) . BDNF itself is not practical as a therapy because it does not cross the blood-brain barrier. Most hypotheses about potential treatments therefore focus on drugs that may increase BDNF signaling, such as insulinlike growth factor 1, which improves synaptic function, motor impairment, and early death in mice lacking Mecp2 (Tropea et al, 2009) . Treatment with fingolimod, a drug that increases BDNF levels, has also been reported to improve motor function and brain region shrinkage in these animals (Deogracias et al, 2012) . Treatment with an agonist for the BDNF receptor, trk-B, leads to improvement in apnea and biochemical markers of BDNF signaling in mice with decreased Mecp2 expression (Schmid et al, 2012) .
A number of other phenocopy syndromes have enough data to suggest pathways for treatment in humans. Rapamycin rescues brain and behavioral phenotypes in a mouse model of tuberous sclerosis complex, which frequently includes intellectual disability and autism spectrum disorder (Ehninger et al, 2008) . Low-dose clonazepam, a GABA-A receptor-positive allosteric modulator, rescues social and cognitive deficits in a mouse model of Dravet syndrome, an epilepsy and intellectual disability syndrome also sometimes associated with ASD (Han et al, 2012) . Lithium rescues vesicle transport in a cellular model of Disc1 deletion (Flores et al, 2011) . Each of these rare genetic phenocopy syndromes may reveal new pathways toward treatment, with some of these pathways possibly extending to a broader group of children with similar behavioral symptoms.
CHALLENGES TO STUDYING TREATMENTS IN THE CONTEXT OF DEVELOPMENT
Utility of Rodent Models: Mice Are not Little Humans
Rodent models have been critical to understanding the underlying pathophysiology of many human diseases. As noted above, rodent models of simple genetic phenocopies of neurodevelopmental disorders offer particularly potent opportunities to dissect the downstream consequences of robust risk factors of disease. The remarkable discoveries in mice lacking Fmr1 and Mecp2 offer hope for conceptualizing treatments in disorders that most assumed would be untreatable past the earliest years of childhood (van der Worp et al, 2010) . With the enormous differences between rodents and humans, however, we must embrace the fact that translating treatments between species will not be simple.
It goes without saying that the mouse brain is much, much smaller than the human brain. Furthermore, the cortex occupies a much smaller fraction of the total brain in the mouse, and it lacks the convolutions that increase cortical surface area in the primate. Comparative studies reveal many differences in cortical gene expression in the brain of mice vs human. As one example particularly relevant to neurodevelopmental disorders, FMR1 shows a marked difference in developmental cortical expression between rodents and primates. The rich expression of FMR1 in developing human cortex appears to regulate expression of nitric oxide synthase in an alternating pattern across adjacent minicolumns, the vertical units of connection that span cortical layers (Kwan et al, 2012) . This pattern of expression is completely absent in the mouse, calling into question the degree to which late rescue of behavioral and neuronal function in the Fmr1 null mouse will translate to fully developed humans with FXS.
Beyond differences in brain development and architecture, cognition and behavior differ quite substantially across species. Again, this is fairly obvious, as humans keep mice in small cages and manipulate their gene expression and environmental exposures, and not vice versa. It remains important to emphasize that the human brain coordinates extremely complex social, communicative, and behavioral processes that are only modeled on basic levels in animals. As the most complex observable behavior in humans, abnormalities in social behavior are particularly difficult to model in rodents, in part because they have minimal observable vocal communication. The dominant social paradigm in mice focuses on time spent exploring a novel mouse (Silverman et al, 2010) , which is quite different than our complex assessment of social behavior in a human child (Lord et al, 2000) . Without verbal communication, investigators define 'schizophrenialike' behavior in mice using surrogate measures like prepulse inhibition or response to a psychotomimetic drug (Siuta et al, 2010) . From a cognitive perspective, mice would perform at the floor (or sub-floor) of human intelligence testing. Despite many attempts, behavioral neuroscientists identify minimal evidence of cognitive impairment in Fmr1 null mice, which models the most common inherited cause of intellectual disability. Genetic and drug rescue of brain and behavioral phenotypes in these animals most clearly impacts hyperactivity and seizure susceptibility, making it difficult to pick appropriate cognitive and behavioral targets for human studies (Michalon et al, 2012) .
The short reproductive cycle and rapid development of lower mammal species are major advantages for conducting research studies, but they also offer challenges to translation. Most rodent species are born at the equivalent of human third trimester. The defined critical period for exposure to serotonin reuptake inhibitors leading to adult anxiety-like behavior is immediately postnatal in the mouse, which would largely correspond to the third trimester in the human (see Suri et al, 2015, this issue) . Mouse pups open their eyes at 1 week and transition to solid food at 3 weeks, when they are a mere 3-5 weeks from sexual maturity. The best study of an mGlu5 receptor negative allosteric modulator in Fmr1 null animals administered treatment for 4 weeks: from shortly after weaning all the way through to sexual maturity (Michalon et al, 2012) . This would correspond to a decade of treatment in the human. The Mecp2 null mouse shows a period of typical motor development followed by a regression that is quite similar to the human pattern, but the regression happens in adult mice instead of 6-18-month-old girls with Rett syndrome (Guy et al, 2001) . In contrast, studies of serotonin reuptake inhibitors in mouse and human reveal effects of chronic treatment emerging only after 3-6 weeks, suggesting similar patterns of receptor accommodation over time across species (Dulawa et al, 2004) . The uncertainty of matching windows of mouse development to human development raises major questions for investigators seeking to translate across species. For example, should we match duration of treatment (eg, 4 weeks) or developmental window of treatment (eg, 10 years)? The correct answer is likely a compromise that emphasizes an early treatment window with enough duration to anticipate meaningful functional improvement.
Ethical and Regulatory Implications for Early Treatment: Children Are not Little Adults
Given the uncertainties in parallels between rodent and human brain development, it seems reasonable to assume that treatment benefits for neurodevelopmental disorders will be most robust either before or soon after the emergence of symptoms. This will often mean conducting initial treatment studies in children or adolescents, which raises ethical and regulatory issues, as well as measurement challenges (see subsection below). From a regulatory standpoint, phase I safety and dose-finding (pharmacokinetic) studies are conducted in consenting adults. After phase I, investigators and regulators are presented with some dilemmas about moving studies into the patient population.
(1) Should safety and dose-finding studies be conducted in an adult population manifesting the later impairments of the disorder before moving down to affected adolescents and then to children who may be evidencing differing vulnerabilities within very different neurodevelopmental periods? (2) Does the priority given to testing medications first in those with the ability to consent (ie, adults) hold when the affected adult population has decreased capacity to assent and requires a surrogate decision-maker? (3) Should we look for efficacy along with safety and dose finding in adults with neurodevelopmental disorders, or should we focus our studies of efficacy primarily on the younger age when benefit is most likely to be seen? (4) Given the hypotheses and theoretical framework positing substantial beneficial effects at very early points in development and much more limited impact at later times, how are we to safely and ethically translate therapeutics to early childhood, toddlerhood, or infancy?
The answers to these questions are by no means obvious from an ethical or practical perspective. Deciding to protect children by looking first for efficacy in adults may mean that a potentially efficacious treatment is abandoned because of lack of effect treatment signal before being tested in the population most likely to benefit. As potential examples, two drug development programs in FXS (Novartis NCT01253629 and NCT01357239, Seaside Therapeutics NCT01282268) were recently closed without testing efficacy in children below the age of 12 because efficacy studies in adults and adolescents showed no measurable benefit. It is possible that benefit would only be seen in early childhood, when cognitive development follows the steepest slope. On the other hand, exposing young children to a medication with an uncertain safety profile could result in a life-long change in developmental trajectory for the worse.
In contrast to disorders where onset by definition occurs in the context of neurodevelopment, such as ASD or ADHD, some disorders may have onset in children or adults with very similar patterns of symptoms that may or may not respond similarly to treatment. The available examples suggest that it is logical in such situations to test treatments first in adults and then move down into children. In the case of anxiety disorders and obsessive-compulsive disorder, similar benefits, side effects, and placebo response rates are seen in studies of serotonin reuptake inhibitors in adults and in children (Pediatric OCD Treatment Study (POTS) Team, 2004; Walkup et al, 2008) . In the case of major depressive disorder, however, children and adolescent trials reveal greater placebo response and more risk of treatmentemergent suicidality with serotonin reuptake inhibitors in contrast with adult trials (Hammad et al, 2006; Tsapakis et al, 2008) . Similarly, efficacy data are mixed in trials of medication for pediatric bipolar disorder (Liu et al, 2011) , with some evidence for more weight gain in the younger population, which could lead to a lifelong change in metabolic profile (Correll et al, 2010) . Overall, the contrast between treatment results in children and adults highlights the importance of careful studies extending into children before drawing conclusions about potential efficacy or harms in disorders that manifest across development.
Measurement Challenges: Differentiating Treatment Effects from Ongoing Development
Designing and testing interventions that impact developmental trajectories at the age of earliest concern is a critical research priority, but it has been difficult to achieve consensus on how change in response to such interventions should be measured. Many different outcome measures have been applied across studies, even within single diagnostic entities (Warren et al, 2011b) . The challenges extend beyond establishing consensus measures to fundamental challenges in studying developing humans. First, even when they have neurodevelopmental disorders, children and adolescents (and young adults) continue to follow a developmental trajectory. This complicates measurement of treatment effects when parents or clinicians are asked to rate measures of cognitive, social, or communication function that can be expected to show some change across development. When continued development is matched by expectancy of improvement with treatment, we should not be surprised by the 30-50% placebo response rates seen for core symptom measures in ASD, for example (Sandler and Bodfish, 2000) . The pace of cognitive development slows over time, so that treatment studies in older children or adolescents may have more ability to differentiate treatment response from developmental gain. Longitudinal studies in targeted populations, such as rare phenocopy syndromes, would help us better plan treatment studies by providing a better picture of the development of cognition and adaptive behavior over time.
A second challenge for outcome measures applied to children is that parents or guardians often must be the primary informants. The layering of informants means that the participants' internal experience is filtered through the eyes of another, with variability in the parents' experience and mood potentially amplifying variability in the participant. Further, the parent often observes the child for a minority of the day, and teacher ratings, while very useful, are much more difficult to obtain. Coupling parent report with objective measures of child symptoms, such as video coding or eye tracking, could give us a clearer sense of parents' ability to accurately rate child behavior. As one example of the need for these comparisons, child ratings of anxiety correlated with cortisol response but parent ratings did not in one study of high-functioning boys with ASD (Bitsika et al, 2014) .
A third challenge has been the wide variety of outcome measures used across treatment studies. This heterogeneity can be expected in the early phases of treatment research but should be followed by consolidation when one or a few outcome measures are shown to accurately index change in a particular symptom domain. This can be seen in ADHD research, where the most commonly used set of outcome measures can be shown to be both valid and reliable across time and treatment, particularly when used as a composite across measures and informants (Conners et al, 2001) . In other areas, such as ASD or rare phenocopy syndromes, where there are fewer treatment studies with significant findings (or none), it is more difficult to identify a narrow set of outcome measures that will reliably detect change in symptoms. In such cases, the field must start by identifying consensus measures, which are likely to be imperfect, while waiting for more data to emerge (Anagnostou et al, 2014 (in press); Scahill et al, 2013) . Studies that choose a less commonly used primary outcome measure should still include 1-2 standard measures to allow cross-measure comparison.
If subjective ratings by parents or clinicians are unreliable outcome measures because of ongoing cognitive development, expectancy bias, and expectable fluctuations in symptoms over time, objective measures may provide an alternative that allows clear measurement of symptom change. This is supported by the example of IQ as the most consistent indicator of change in clinical trials of EIBIs in ASD. One potential concern, however, is that some improvements may reflect behavioral training that improves cooperation with cognitive testing in the laboratory setting, rather than general improvements in cognitive function. Further, such changes may not be reflective of changes in core symptoms of the disorder itself. Checklists of adaptive behaviors that can be anchored to specific activities (eg, getting dressed independently, calling a classmate on the phone) also show differences between active treatment and the comparator treatment in some studies but are less consistent (Warren et al, 2011a) . Other promising objective measures include fine-tuned observation such as video recording of behavior (Corbett et al, 2014; Stronach and Wetherby, 2014) , audio recording of verbal exchanges over the course of a typical day (Warlaumont et al, 2014) , performance in computer games (Andari et al, 2010) , or eye gaze tracking (Jones and Klin, 2013) . Proposed biomarkers of treatment response include assessment of brain response such as EEG (Dawson et al, 2012) or MRI (Gordon et al, 2013) . Cross-validation studies of objective behavioral observations, biomarkers, and self-, teacher-, or parent-report questionnaires are critical to identify appropriate outcome measures for clinical trials.
Coupled with better, more objective measures of neuropsychiatric symptoms in developing humans, we need better approaches to evaluate moderators of treatment response. The heterogeneity of neurodevelopmental disorders like ASD or ADHD predicts that subsets of children are likely to respond to a given intervention, but we typically design studies to evaluate treatment effects in the overall group. As ongoing development and placebo or nonspecific effects of treatment account for the majority of improvement in most clinical trials, clinical trials may need to be structured to identify moderators of response to the active treatment in contrast with the placebo or another control condition. One recent example suggests that this approach may be especially well suited to disorders with considerable heterogeneity in symptom presentation. In contrast to a treatment as usual control group, Carter et al (2011) found no overall benefit for a parent-implemented intervention, Hanen's 'More than Words,' on communication in children with ASD. A moderator analysis revealed, however, that children with less focus on objects at baseline showed significant gains, whereas children with more object focus actually worsened in comparison with the control group .
Moving past understanding what symptoms change and for whom, we need a better understanding of how shortterm treatments relate to long-term outcomes. A 15-point improvement in IQ is impressive, but we do not have a clear understanding of whether such a change results in better educational attainment or long-term improvements in quality of life. In the Multimodal Treatment of ADHD (MTA) study, assignment to short-term stimulant treatment clearly showed a substantial impact on symptoms that separates easily from placebo. Unfortunately, outcomes measured 6-8 years after MTA study completion were not predicted by treatment in the randomized trial but were instead predicted by initial symptom trajectory, regardless of treatment (Molina et al, 2009) . Longitudinal follow-up of promising short-term treatment studies, such as the recent Prevention Trial of Family-Focused Treatment in Youth at Risk for Psychosis (Miklowitz et al, 2014) , is critical to understand the relationship between initial symptomatic response and meaningful long-term outcomes.
ALTHOUGH THE WAYS FORWARD WILL NOT BE EASY, SOME PATHS WILL LEAD TO NEW TREATMENTS
The complexity of human brain development may seem daunting, but our current position is not that different than the field of oncology a couple of decades ago. The FMR1 gene was identified in FXS about 20 years before the first clinical trials were initiated, a similar time window to cancer therapeutics (Fischgrabe and Wulfing, 2008; Xie et al, 2013) . Brain development is clearly more complicated than tumor development, and we can expect that testing treatments for neurodevelopmental disorders will be more complicated as well. Although we can not simply measure tumor shrinkage or track mortality rates, we can carefully evaluate brain and behavioral parallels across species, rather than expecting global improvement in a neuropsychiatric disorder as a whole (Insel et al, 2010) . We can carefully observe successful and unsuccessful trials to refine our methodology and outcome measures for the next set of studies.
As in oncology, we can expect that our initial treatments will be nonspecific, like the general chemotherapeutic agents thrown at a wide range of tumor types. Serotonin reuptake inhibitors, stimulants, and atypical antipsychotics may be the neuropsychopharmacology parallels of these broad-based agents. We should be glad to have these options, which help many children, but we should not be satisfied with them. With increasing understanding of neurodevelopment and of pathophysiology, we can expect to see more specific treatments emerge. These initial treatments may parallel imatinib (Gleevec), which was developed to treat a molecularly defined subset of chronic myelogenous leukemia but has subsequently been used to treat multiple other cancers (Zhang et al, 2009) . We can hope that medications based upon the pathophysiology of Fragile X, Rett, or VCFS will similarly provide benefit for defined subgroups of patients with disruptions in overlapping regulatory or signaling pathways. The insights gleaned from treatment development in these rare phenocopy syndromes may also point the way to the right approaches, methodologies, and paradigms to test treatments based upon emerging common genetic or environmental risk factors.
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